Euphorbia humifusa Willd (EuH), called Ttang-Bin-Dae in Korea, is a traditional medicinal plant widely used for its anti-inflammatory and antiviral activity. Ethyl acetate (EA) extracts of EuH (EA/EuH) inhibit invasion and metastasis by inhibiting tumor necrosis factor TNFá-induced matrix metalloproteinases (MMP)-9 expression in human breast cancer cells. However, the bioactive components of EA/EuH mediating the inhibition of MMP-9 expression have not been identified. In the present study, three bioactive constituents of EA/EuH were isolated using highperformance liquid chromatography. Nuclear magnetic resonance spectroscopy revealed isoquercetin, avicularin, and astragalin as the bioactive compounds responsible for preventing TNFαinduced MMP-9 mRNA expression in breast cancer cells. These findings suggest that isoquercetin, avicularin, and astragalin could be used as valuable anti-metastatic agents against metastatic cancers.
Introduction
Euphorbia humifusa Willd (EuH) is an annual plant widely distributed in eastern Asia including Korea. Previously, we demonstrated that the ethyl acetate (EA) extract of EuH (EuH/EA) inhibited invasion and metastasis by inhibiting TNF-α-induced matrix metalloproteinase (MMP)-9 expression in highly metastatic MDA-MB-231 human breast cancer cells [1] . However, the bioactive components mediating inhibition of TNFα-induced MMP-9 expression have not been elucidated. In this study, we isolated and identified three bioactive constituents, isoquercetin, avicularin, and astragalin, from EA/EuH, which are responsible for preventing TNFα-induced MMP-9 mRNA expression.
Materials and Methods
The ethyl acetate (EA) extract of the whole plant of E. humifusa Willd (EA/EuH) from the first methanol extraction was prepared in a yield of 13.7% as described in our previous report [1] . The EA/EuH fraction was further separated using preparative highperformance liquid chromatography (prep-HPLC) with a Luna C18 column (10×250 mm, φ=5 μm) using an Agilent 1100 instrument (Santa Clara, CA, USA). The mobile phase, flow rate, and injection volume were 18% aqueous acetonitrile containing 1% formic acid, 3.0 mL/min, and 70 μL, respectively. The chromatogram was monitored at an ultraviolet (UV) wavelength of 254 nm.
MDA-MB-231 human breast cancer cell line was obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA), 100 U/mL penicillin, and 100 µg/mL streptomycin.
The chemical structures were analyzed using a Bruker Avance 400 nuclear magnetic resonance (NMR) spectrometer (Karlsruhe, Germany, 9.4 Tesla). The NMR spectroscopic analyses consisting of 1 H-NMR, 13 C-NMR, distortionless enhancement by polarization transfer (DEPT), correlated spectroscopy (COSY), total correlated spectroscopy (TOCSY), heteronuclear multiple quantum coherence (HMQC), and heteronuclear multiple bonded connectivities (HMBC) were based on methods we reported previously [2] . To confirm the chemical structures determined using NMR spectroscopy, ultraperformance LC-hybrid quadrupole-time-of-flight mass spectrometry (UPLC-QTOF/MS) was performed using a Waters Acquity UPLC system (Waters Corp., Milford, MA, USA) [3] .
Total RNA was isolated using Isol-RNA lysis reagent (NucleoZOL; Clontech, Mountain View, CA, USA), and cDNA synthesis was carried out using an iScript cDNA synthesis kit according to the manufacturer's instruction (Bio-Rad, Hercules, CA, USA). Quantitative real-time polymerase chain reaction (qPCR) was performed using the TaqMan-iQ supermix kit with the Bio-Rad iCycler iQ thermal cycler according to the manufacturer's instruction (Bio-Rad). TaqMan fluorogenic probes and RT-PCR primers for MMP-9 and GAPDH were synthesized as described previously [4] .
The statistical significance was analyzed using GraphPad Prism version 7.04 software (La Jolla, CA, USA). A p-value <0.05 reflects statistical significance.
Results and Discussion
Three peaks at 20.73, 30.85, and 33.11 min (named F1, F2, and F3, respectively) in the chromatogram obtained from prep-HPLC ( Fig. 1 ) could be separated and collected, freeze-dried, and their dried amounts were approximately 15, 20, and 30 mg, respectively. We identified the chemical structure of each compound using NMR spectroscopy and confirmed them using UPLC-QTOF/MS. Because the F3 fraction was the most abundant among three fractions collected here, we first analyzed its chemical structure using NMR spectroscopy. The 1 H-NMR spectrum ( Fig. 2A) shows that F3 was a single compound, and it consisted of a saccharide and aromatic ring based on peaks at 3-4 ppm and 5-8 ppm, respectively. Twenty peaks were observed in the 13 C NMR spectrum ( The saccharide included in F3 was determined to be glucopyranoside by comparing the 13 C NMR peaks with the reference [5] . The flavonoid part in F3 was determined to be kaempferol based on the comparison of the NMR assignments obtained here with those of our previous NMR data [6] [7] [8] . The connection between kaempferol and glucopyranoside was determined based on the long-range coupling between C-3 and H-1 in the HMBC spectrum. Based on the interpretation of the 2D spectra, protonproton and proton-carbon connectivities were determined, as shown in Fig. 3A . Therefore, F3 was identified as a kaempferol-3-O-β-D-glucopyranoside with a molecular formula and calculated molecular mass of C 21 H 20 O 11 and 448.1006, respectively. The molecular formula was determined by UPLC-QTOF/MS. The molecular mass in the negative mode obtained from UPLC-QTOF/MS was found at 447.0961 ( Fig. 4A ). Because the calculated molecular mass of C 21 H 19 O 11 in the negative mode is 447.0927, the structure of F3 determined based on the interpretation of the NMR data was correct. Collectively, these results determined F3 to be kaempferol-3-O-β-D-glucopyranoside, which is a known compound, astragalin ( Fig. 5A) . A comparison of the 13 C-NMR data of F3 with the data published previously [9] was listed in Table 1 .
The NMR and HR/MS analyses of F1 and F2 fractions were similarly carried out. The spectral data of F1 are summarized as follows: 1 (Fig. 4B ). Because the mass data were collected in the negative mode, the molecular formulae of F1 should be C 21 H 20 O 12 . The molecular formula was determined by UPLC-QTOF/MS. As mentioned above, the saccharide contained in F1 was determined to be glucopyranoside by comparing the 13 C NMR peaks with the reference values [5] . Furthermore, the flavonoid part was confirmed based on the comparison of the NMR assignments obtained here with our previous NMR data, and it was determined to be quercetin [6] [7] [8] .
The connection between quercetin and glucopyranoside was determined based on the long-range coupling between C-3 and H-1 in the HMBC spectrum. Based on the interpretation of the 2D spectra, including COSY, TOCSY, and HMBC, proton-proton and proton-carbon connectivities were determined, as shown in Fig.  3B . Therefore, F1 was identified as quercetin-3-O-β-D-glucopyranoside ( Fig. 5B) , which is a known isoquercetin. A comparison of the 13 C-NMR data of F2 with the data published previously [10] was listed in Table 2 .
The spectral data of F2 are summarized as follows 4C ). Because the mass data were collected in the negative mode, the molecular formula of F2 should be C 20 H 18 O 11 . The molecular formula was determined by UPLC-QTOF/MS. The saccharide contained in F2 was determined to be arabinofuranoside by comparing the 13 C NMR peaks with reference values [5] . The flavonoid part was confirmed to be quercetin based on comparison of NMR assignments obtained here with previous NMR data [6] [7] [8] . The connection between quercetin and arabinofuranoside was determined based on the long-range coupling between C-3 and H-1 in the HMBC spectrum. Based on the interpretation of the 2D spectra, proton-proton and proton-carbon connectivities were determined, as shown in Fig. 3C . Collectively, F2 was quercetin-3-O-α-L-arabinofuranoside ( Fig. 5C ), which is known as avicularin. C-NMR data of F1 with the data published previously [10] . The 1 3 C-NMR data obtained from the current study were collected in dimethylsulfoxide-d6, and those published previously were in dimethylsulfoxide-d6 position 1 3 C-NMR data obtained from the current study collected in dimethylsulfoxide-d6/ ppm C-NMR data of F3 with the data published previously [9] . The 1 3 C-NMR data obtained from the current study were collected in dimethylsulfoxide-d6, and those published previously were in methanol-d4 position 1 3 C-NMR data obtained from the current study collected in dimethylsulfoxide-d6/ ppm A comparison of the 13 C-NMR data of F1 with the data published previously [11] was listed in Table 3 . Previously, we have demonstrated that the EA/EuH fraction exhibited anti-metastatic activity by suppressing MMP-9 mRNA expression in MDA-MB-231 breast cancer cells [1] . To determine the biological activity of the fractions, F1, F2, and F3 identified in this study, MDA-MB-231 cells were treated with 5 μg/mL F1, F2, or F3 before adding 10 ng/mL TNF-α. The EA/EuH fraction (5 μg/mL) was a positive control. The reverse transcription (RT)-PCR analysis shows that the TNFα-induced MMP-9 mRNA expression was substantially decreased by the F1, F2, or F3 fraction (Fig. 6A ). To further quantitate the effect of each fraction on MMP-9 mRNA expression, the relative expression level of MMP-9 mRNA was measured using qPCR. Treatment with TNFα alone resulted in a 336.7±37.86-fold increase in the MMP-9 mRNA level; however, this effect was significantly reduced to 136.7 15.28-, 231.3 27.79-, and 35.33 5.508-fold (all p <0.001, n=3) by pre-exposure to 5 μg/mL F1, F2, and F3, respectively (Fig. 6B) . These data suggest that the three fractions contained bioactive components that mediate the inhibition by EA/EuH.
In conclusion, isoquercetin, avicularin, and astragalin as the bioactive components of the EA/EuH mediate the inhibition of TNFα-induced MMP-9 mRNA expression in MDA-MB-231 breast cancer cells. These results suggest that EuH can be used as a functional adjuvant to prevent or attenuate invasion and metastasis in the early stage of breast cancer.
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Fig. 6
Effect of EuH ethyl acetate extract (EA/EuH) and three fractions, including F1, F2, and F3. (A) MDA-MB-231 cells were untreated or treated with TNFα (10 ng/mL) in the absence or presence of EA/EuH, F1, F2, or F3 (5 μg/mL each) for 24 h. Total RNA was isolated, and then RT-PCR was performed. GAPDH mRNA was determined as an internal control. (B) MDA-MB-231 cells were treated as in (A). MMP-9 mRNA levels were measured using qPCR. Relative fold changes were normalized to GAPDH mRNA in the same sample. Data are means ± standard deviation (SD). **p <0.001 (n=3) Table 3 A comparison of the 13 C-NMR data of F2 with the data published previously [11] . The 13 C-NMR data obtained from the current study were collected in dimethylsulfoxide-d6, and those published previously were in methanol-d4 position 1 3 C-NMR data obtained from the current study collected in dimethylsulfoxide-d6/ ppm 
